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1,0  INTRODUCTION 

The  development  of  sophisticated,  high  performance  aerodynamic  systems  requires 
accurate  flow-field  measurements  over  a  wide  range  of  test  conditions.  In  the  past,  these 
requirements  were  fulfilled  by  specially  designed  probes.  However,  a  probe  alters  the  flow 
field  and  complicates  the  problem  of  interpreting  test  results.  Advances  in  electronics  and 
laser  technology  have  made  it  possible  to  perform  measurements  (which  formerly  required  a 
probe)  without  disturbing  the  flow  field.  The  nonintrusive  laser  techniques  are  particularly 
useful  in  performing  measurements  for  which  probes  are  not  suited  (e.g.,  hostile  flow 
environments)  and  for  situations  where  interference  with  the  flow  is  not  acceptable. 
Although  the  individual  nonintrusive  laser  techniques  do  not  provide  the  ultimate  answer  in 
flow-field  measurements,  each  can  provide  important  information.  One  such  laser  technique 
that  has  been  under  investigation  and  development  at  the  Arnold  Engineering  Development 
Center  (AEDC)  is  laser-Raman/Rayleigh  scattering. 

Laser-Raman/Raleigh  scattering  has  been  used  previously  in  the  study  of  hypersonic 
flow  fields  (Refs.  1  and  2).  These  studies  demonstrated  the  applicability  of  laser- 
Raman/Rayleigh  scattering  for  hypersonic  flow-field  diagnostics.  The  attributes  of  the 
number  density  and  temperature  results  are  as  follows:  1)  no  dependence  on  gas  flow 
velocity,  b)  no  dependence  on  gas  molecule  collision  processes,  c)  "point”  spatial  resolution 
that  decreases  very  little  with  increasing  density  and  requires  no  inversion  techniques 
common  to  absorption  measurements  and  d)  measurement  precision  which  will  increase  with 
increasing  gas  density.  It  was  the  latter  quality  that  made  the  prospect  for  successful 
subsonic  flow-field  measurements  very  promising  because  the  hypersonic  flow-field 
measurements  had  been  conducted  at  gas  number  density  levels  of  1016  to  1017  cm-3  and  the 
subsonic  flow  number  density  level  expected  was  1019  cm-3.  Another  attractive  quality  of 
laser-Raman  scattering  in  particular  is  that  the  technique  avoids  the  problem  of  particle  lag 
suffered  by  the  laser  velocimeter  in  transonic  flow  with  shock  waves. 

Recent  observations  in  the  AEDC  Propulsion  Wind  Tunnel  Facility  (PWT) 
Aerodynamic  Wind  Tunnel  (4T)  and  Propulsion  Wind  Tunnel  (16T)  have  revealed 
measurement  problems  for  which  the  Raman/Rayleigh  scattering  technique  is  well  suited. 
There  is  evidence  that  wind  tunnel  calibration  as  well  as  measurements  of  lift  coefficient  and 
pitching  moment  are  affected  by  humidity  even  if  no  visible  condensation  is  present.  Also, 
Ref.  3  suggests  that  wind  tunnel  calibration  based  on  a  correlation  between  centerline  and 
plenum  pressures  may  not  be  acceptable  when  a  model  with  1-percent  blockage  is  installed. 
The  ability  of  Raman /Rayleigh  scattering  to  monitor  the  fluid  properties  nonintrusively 
makes  it  suitable  for  investigating  these  problems. 
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In  this  study  two  investigations  were  conducted  to  determine  the  applicability  of 
performing  Raman /Rayleigh  scattering  measurements  in  subsonic  flow.  The  purpose  of  the 
initial  investigation  was  to  examine  the  problems  associated  with  making  Raman/Rayleigh 
scattering  measurements  of  air  number  density,  water  vapor  (H20)  number  density,  and 
static  temperature  in  the  subsonic-transonic  flow  regime.  The  second  investigation  was 
performed  to  apply  the  Raman/Raleigh  scattering  technique  to  nonintrusive,  online  wind 
tunnel  calibrations  and  humidity  and  condensation  monitoring.  Both  investigations  were 
conducted  in  the  AEDC/PWT  Acoustic  Research  Tunnel  (ART). 

2.0  THEORY  OF  RAMAN/RAYLEIGH  TECHNIQUE 

Detailed  reviews  of  Raman/Rayleigh  scattering  can  be  found  in  Refs.  4  through  6; 
therefore,  only  a  brief  discussion  need  be  undertaken  here.  Consider  an  intense, 
monochromatic  laser  beam  consisting  of  photons  of  energy  lu0  injected  into  a  gas  flow  field. 
On  collision  with  gas  molecules,  the  photons  may  be  elastically  scattered,  resulting  in  no 
change  in  the  molecular  internal  energy  states,  and  the  scattered  radiation  is  designated 
"Rayleigh  scattering.1’  Intensity  of  the  scattered  radiation  for  a  particular  detector  location 
normalized  to  the  incident  laser  beam  intensity  may  be  written  as  ' 

rRy  =  CFRy  niffi  W 

in  which  n*  is  the  number  density  of  the  molecular  species  i  with  Rayleigh  scattering  cross 
section  o\,  and  CFRy  is  a  constant  that  includes  detection  sensitivity, 
variation  in  a\  is  justifiably  neglected  (Ref.  7);  Eq.  (1)  can  be  rewritten  a 

!R)'  =  CFRy  n  ;2j  [Xi]o-i  (2) 

in  which  n  is  the  total  number  density  of  the  gas  and  |Xj]  is  the  mole  fraction  of  the  ith 
species.  It  can  be  seen  from  Eq.  (2)  that  for  a  gas  mixture  of  constant  mole  fractions  the 
Rayleigh  scattered  intensity  is  proportional  to  the  total  gas  number  density. 

Inelastic  collisions  between  laser  photons  and  gas  molecules  cause  a  fraction  of  the 
molecules  to  undergo  a  quantum  transition  to  a  higher  internal  mode  energy  level  with  the 
result  that  the  photon  loses  energy  and  is  scattered  with  lower  frequency  (longer 
wavelength).  The  encounter  with  the  photons  can  also  cause  the  molecules  to  undergo 
transitions  to  a  lower  internal  mode  energy  level,  in  which  case  the  photon  is  scattered  with 
increased  frequency  (shorter  wavelength). 


6 


AEDC-TR-80-20 


Figure  1  is  a  computer-generated  Raman  spectrum  of  nitrogen  (N2)  and  oxygen  (O2)  in  air 
showing  the  Rayleigh  line  and  the  Raman  bands  displaced  to  the  long  wavelength  side  (the 
Stokes  side)  only.  The  spectrum  is  a  prediction  of  the  spectrum  that  would  be  obtained  with 
a  Spex  0.5-m  focal  length  double  spectrometer  with  1,200-groove/mm  gratings,  750-/mi  slits, 
and  laser  excitation  at  5,145-A  wavelength.  Located  at  approximately  5,846  A  is  the 
Q-branch  of  the  N2  vibration-rotation  band.  For  a  temperature  range  of  100  to  300  K  and  a 
relatively  large  spectral  bandpass,  the  intensity  of  the  band  is  essentially  independent  of 
temperature  and  directly  proportional  to  the  N2  number  density,  n  (N2).  That  is, 

lin(N2.  Q)  =  Cpl(N2)n  (Nj)  (3) 

in  which  Im(N2,Q)  is  the  measured  N2  band  intensity  normalized  to  the  incident  laser  beam 
intensity  and  CKN2)  is  a  calibration  factor.  It  can  be  seen  from  Eq.  (3)  that  determination  of 
Cf<N2)  and  Im(N2,Q)  will  yield  a  measurement  of  n(N2>. 


Figure  1.  Spectrum  of  N2  and  O2  in  air. 
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Figure  2  is  a  computer-generated  spectrum  of  the  N2  and  O2  rotational  bands  in  air.  The 
spectral  bandpass  has  been  narrowed  (210-pm  slits)  to  give  higher  resolution  than  that  used 
for  Fig.  1.  For  the  spectral  resolution  shown,  the  J  =  6  line  of  N2  and  the  J  =  9  line  of  O2 
overlap  at  5,160.9  A,  and  the  J  =  12  line  of  N2  and  the  J  =  17  line  of  02  overlap  at  5,173.7 
A .  The  intensity  of  a  rotational  line  can  be  written  (Ref.  1)  as 


I„UX>  = 


Cj  n (X) o 


ju+n  <?x  /tr 


(4) 


in  which  J  is  the  rotational  level  quantum  number,  Tr  is  the  rotational  temperature,  Cj  is  a 
quantum  number-dependent  parameter,  and  qR  is  the  rotational  partition  function.  The 
quantity  n(X)  is  the  number  density,  and  0X  is  the  characteristic  rotational  temperature  of  the 
species  X.  For  example,  for  perfect  spectral  overlap  the  line  intensity  at  5,160.9  A  can  be 
written  as 

!tll(J  =  6,9:  N2  4-  02)  -  In,(J  =  6.  Na)  +  IBl(J  =  9,  O,)  (5) 


Of  course  the  overlap  is  not  perfect,  but  the  Raman  spectral  program  convolves  the 
individual  line  intensities  with  the  spectrometer  instrument  function  and  generates  the  peak 
line  intensities 


Ic2  =  IC(.J=  6.9:  l*2  -02) 


(6) 


and 


Icl  =  Ir(J  =  12,17:  N2  +  02)  (?) 

The  calculated  ratio  of  line  intensities  is  a  function  only  of  temperature  for  a  nonreacting, 
constant  mole  fraction  gas  mixture;  i.e., 


It  is  now  possible  to  compare  the  measured  value  of  the  intensity  ratio  to  a  plot  of  Rc  (Tr)  as 
a  function  of  TR  to  determine  a  flow-field  value  of  Tr.  For  the  density  regimes  of  the 
subsonic  flow  to  be  investigated  T R  will  be  equal  to  the  static  temperature. 
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Also  shown  in  Fig.  1  is  the  main  feature  of  the  Raman  vibrational  spectrum  of  water 
vapor  at  moderate  temperatures  ( <600  K).  This  spectral  feature  is  the  v\  band  of  H2O,  and 
it  covers  a  spectral  range  of  *  20  cm  - 1  at  moderate  temperatures.  The  v\  band  shown  in  Fig. 
1  is  a  trace  of  an  experimental  scan  obtained  in  air  at  atmospheric  pressure  with  a  relative 
humidity  of  74  percent.  The  experimental  bandpass  was  the  same  as  that  used  for  the 
calculation  of  the  N2  and  O2  spectral  features  of  Fig.  1 .  The  v\  band  origin  has  a  Raman  shift 
of  about  3,657.05  cm-1,  and  for  5, 145- A  laser  radiation  this  locates  the  band  at  *6,337.4 
A .  According  to  Ref.  8  the  ideal  Raman  displacement  for  measurement  of  H2O  number 
density  is  3,645.55  cm-1  or  6,332.8  A  for  5,145-A  laser  radiation,  because  the  band 
centered  about  this  position  remains  relatively  constant  with  temperature  variations  for  T  <. 
600  K.  Therefore,  for  a  comparatively  large  spectral  bandpass  centered  at  *  6,333  A  the 
intensity  will  be  essentially  independent  of  temperature  and  directly  proportional  to  the 
number  density,  n{H20).  That  is, 

Im<H2°,  i/j)  =  Cp1  (H20)  h(H20)  (9) 

and  a  calibration  to  determine  Cf(H20)  will  permit  measurement  of  n(H20). 
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It  is  possible  for  a  species  such  as  H2O  to  begin  condensing  in  a  subsonic  flow  field  for 
certain  regimes  of  the  reservoir  conditions  and  Mach  number.  Therefore,  it  can  be 
important  to  detect  this  onset  of  condensation,  and  the  Rayleigh  scattering  intensity  can 
provide  this  information. 

Equation  (2)  can  be  rewritten  in  the  form 

JRy  *  CFHy  n  [XG  (10) 

in  which  <*j  is  the  polarizability  of  the  scatterer.  The  polarizability  of  each  scatterer  can  be 
written  classically  in  terms  of  its  relative  index  of  refraction,  m,  and  its  radius,  a,  as 


m2  +  2 

It  has  been  assumed  that  the  scatterer  is  spherical  and  that  its  ratio  of  radius  to  incident  laser 
wavelength  is 


a/A0  <0.05 


For  molecules  and  flow-field  condensate  these  are  reasonable  assumptions.  It  can  be  seen 
from  Eqs.  (10)  and  (1 1)  that  as  a  species  such  as  H20  begins  to  condense  and  molecules  begin 
to  coalesce  and  grow  in  size  the  condensate  contribution  to  lRy  will  increase  with  the  sixth 
power  of  the  cluster  radius.  It  would  therefore  be  expected  that  a  sudden  increase  in  IRy 
would  indicate  condensation  onset;  in  fact,  this  has  been  observed  for  homogeneous 
nudeation  in  supersonic/hypersonic  expansions  (see  Refs.  2  and  9). 

Consideration  of  the  polarization  properties  of  both  the  incident  and  the  Rayleigh 
scattered  light  reveals  a  second  method  for  detection  of  condensation  onset.  For  a  linearly 
polarized  laser  beam  and  perfectly  spherical  scatterers,  the  polarization  of  the  scattered  light 
is  parallel  to  that  of  the  laser  beam.  For  a  gas  mixture,  such  as  air,  the  major  constituents  are 
diatomic  or  triatomic  molecules,  not  spherical  particles.  Therefore,  a  small  quantity  of  the 
Rayleigh  scattered  light  exists  with  polarization  components  other  than  that  parallel  to  the 
incident  laser  beam  polarization.  A  Rayleigh  scattering  depolarization  ratio  can  be  defined 
as 


P  L  = 


Wl) 

1 R  y  ^  II  ^ 


(12) 
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in  which  Iry  ( -L )  and  I r>-  ( X )  are  the  Rayleigh  scattered  intensities  polarized  perpendicular 
and  parallel,  respectively,  to  the  polarization  of  the  incident  laser  beam.  It  can  be  used  to 
indicate  condensation  onset  because  as  H20  molecules  condense  and  cluster  together  they 
form  more  spherical  scattering  centers  which  contribute  more  significantly  to  the  scattered 
intensity.  The  depolarization  ratio  will  therefore  drop  rapidly  at  condensation  onset,  and 
such  drops  have  been  observed  for  homogeneous  nucleation  in  supersonic/hypersonic 
expansions  (see  Refs.  2  and  9). 

3.0  DESCRIPTION  OF  EXPERIMENTAL  FACILITY  AND  APPARATUS 
3.1  THE  ACOUSTIC  RESEARCH  TUNNEL  (ART) 

The  Acoustic  Research  Tunnel  (ART)  is  an  open-circuit,  atmospheric  indraft  tunnel  that 
is  attached  to  the  Plenum  Evacuation  System  (PES)  of  the  Tunnel  16T.  The  tunnel  has  a 
converging  nozzle  with  a  contraction  ratio  of  16,  a  6-in. -square,  24-in. -long  test  section,  and 
a  5-deg  diffuser  (see  Fig.  3).  The  angle  of  the  top  and  bottom  walls  in  the  test  section  can  be 
varied  from  -0.5  to  +0.5  deg,  and  a  number  of  wall  inserts  are  available  to  provide  various 
wall  porosities.  Mach  numbers  from  0.05  to  1.10  can  be  generated  in  the  ART  when 
ventilated  walls  and  test  section  wall  divergence  are  used.  Further  details  of  the  ART  can  be 
found  in  Ref.  10. 


Plenum  Flow  Silencer^  <r  Plenum  Control  Valve 


Figure  3.  Acoustic  Research  Tunnel  (ART). 
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During  both  Raman/Rayleigh  scattering  investigations,  impermeable  walls  and  a 
constant  area  test  section  were  used.  This  configuration  limits  the  maximum  Mach  number 
to  0.85.  For  the  initial  investigation,  the  8-in.-diam  optical  windows  were  replaced  by  inserts 
containing  3-in.-diam  quartz  windows  to  avoid  possible  damage  to  the  regular  windows 
caused  by  the  high  energy  laser  beam.  Also,  for  the  initial  setup,  optical  windows  were  added 
to  the  bottom  wall  of  the  test  section  and  plenum  to  provide  a  90-deg  viewing  angle  of  the 
laser  beam  by  the  spectrometer  (see  Figs.  4a  and  b).  For  the  tunnel  calibration  experiments 
the  laser  beam  was  directed  down  the  tunnel  centerline  and  viewed  through  8-in.-diam 
windows  located  on  the  side  wall  of  the  stilling  chamber  downstream  of  the  honeycomb  and 
in  the  test  section  (see  Fig.  3).  Details  of  each  Raman/Rayleigh  experimental  setup  are 
presented  in  the  following  sections. 

3.2  INITIAL  RAMAN/RAYLEIGH  SCATTERING  SETUP 

The  initial  Raman- Rayleigh  experimental  arrangement  in  the  PWT-ART  is  shown 
schematically  with  two  views  in  Figs.  4a  and  b  as  well  as  with  photographs  in  Figs.  5  and  6. 
The  entire  optical  system  was  mounted  on  a  precision,  three-dimensional  traversing  table 
located  beneath  the  ART  test  section.  A  CR-18  argon-ion  laser  normally  operated  at  10 
watts  output  at  a  wavelength  of  5,145  A  was  used  as  the  excitation  source  for  the  Raman- 
Rayleigh  scattering.  The  laser  beam  was  expanded  and  focused  onto  the  axial  centerline 
perpendicular  to  the  flow  direction  and  parallel  to  the  test  section  bottom  wall.  Following  re¬ 
expansion,  the  beam  entered  a  laser  dump  which  prevented  reflections  from  entering  the  test 
section.  A  600-mm  focal  length  collection  lens  was  mounted  underneath  the  test  section  to 
provide  a  collimated  beam  to  an  identical  600-mm  focal  length  lens  which  imaged  the  laser 
beam  focal  volume  onto  the  entrance  slit  of  the  0.5-m  focal  length  double  spectrometer.  A 
prism  and  several  front  surface  mirrors  were  used  for  folding  the  light  paths  to  permit 
mounting  the  complete  optical  system  on  the  scan  table.  All  transmission  elements  in  the 
optical  system  were  made  of  fused  silica. 

An  aperture  was  located  at  the  entrance  slit  of  the  spectrometer  and  adjusted  so  that  a 
0.25-in.  length  of  the  laser  beam  focal  volume  was  observed  by  the  spectrometer.  Whenever 
a  vibration-rotation  band  was  observed,  a  high-pass  filter  was  placed  in  front  of  the  entrance 
slit  to  give  additional  rejection  of  the  Rayleigh  scattered  light.  A  cooled  (-26°C),  RCA- 
C31034A  photomultiplier  tube  (PMT)  was  mounted  on  the  exit  slit  of  the  spectrometer  for 
detection  of  the  laser  scattered  light.  A  small  quartz  lens  was  used  to  image  the  radiation  at 
the  exit  slit  onto  the  photocathode  of  the  PMT. 
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(1)  Scan  Table 

(2)  Ion  Laser 

(3)  Prism 

(4l  Optical  Bar 
(5i  Beam  Expander 
(61  Two  Mirrors  and  Focusing  Lens 
on  Vertical  Optical  Bar 
(71  Point  of  Measurement 
(81  Laser  Dump 


(9)  Spectrometer 
(10)  Photomultiplier  Tube  in 
Thermoelectric  Cooler 

111)  Mirror  on  Optical  Bar 

112)  Collection  Lens  on  Optical  Bar 
I13i  Mirror 

1141  Air  Inlet 
(151  Test  Section 
(16)  Diffuser 


a.  Plan  view 


b.  End  view 

Figure  4.  Initial  Raman/Rayleigh  experimental  arrangement  in  ART. 
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Figure  5.  Experimental  setup  for  initial  Raman/Rayleigh 
measurements,  south  side  of  ART. 
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Figure  6.  Experimental  setup  for  initial  Raman/Rayleigh 
measurements,  north  side  of  ART. 
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A  Huke  405  B  power  supply  provided  2,000  d-c  volts  to  the  PMT,  and  the  output  from 
the  PMT  was  provided  as  a  signal  input  to  an  Ortec  Model  454  amplifier  using  a  50-ohm 
load  resistor.  The  output  from  the  amplifier  was  processed  by  an  Ortec  Model  436 
discriminator,  and  the  negative  output  of  the  discriminator  was  fed  to  an  Ortec  Model  715 
counter /timer.  The  positive  output  of  the  discriminator  was  processed  by  an  Ortec  Model 
449  ratemeter  which  provided  an  input  to  a  strip  chart  recorder. 


The  output  power  of  the  laser  was  monitored  by  an  internal  photodiode  assembly  and 
displayed  on  an  external  meter.  A  modification  to  the  assembly  was  made  so  that  the 
photodiode  output  could  be  fed  to  a  PAR  boxcar  integrator  (Model  CW-1).  The  output  of 
the  integrator  was  displayed  by  a  digital  voltmeter.  Integrating  the  value  of  the  laser  power 
over  a  measurement  interval  allowed  a  measure  of  the  laser  energy  used  during  the 
measurement  interval  to  be  obtained. 

Figure  5  (photograph)  shows  the  laser  beam  (with  beam  expander  removed)  deflected 
and  focused  onto  the  test  section  axial  centerline.  The  plenum  and  test  section  walls  on  the 
beam  input  side  were  removed  for  this  photograph.  Figure  6  is  a  view  of  the  laser  beam 
dump,  collection  and  imaging  optics,  Ortec  photon-counting  system,  boxcar  integrator, 
digital  voltmeter,  strip  chart  recorder,  and  PMT  power  supply. 

3.3  TUNNEL  CALIBRATION  RAMAN/RAYLEIGH  SCATTERING  SETUP 

The  tunnel  calibration  experimental  arrangement  is  shown  schematically  in  Fig.  7  and 
photographically  in  Figs.  8  and  9.  A  major  portion  of  the  optical  system  was  again  mounted 
on  the  precision  scan  table;  however,  the  scan  table  was  not  used  for  scanning  in  the  tunnel 
calibration  experiments.  The  CR-18  argon-ion  laser  was  oriented  on  the  scan  table  as  shown 
in  Figs.  7  and  8  so  that  the  beam  passed  through  an  opening  in  the  wall  separating  the  test 
section  room  from  the  ART  air  intake  room.  Reflective  prisms  oriented  the  laser  beam  so 
that  it  passed  through  the  bellmouth  inlet  (see  Fig.  9)  and  along  the  axial  centerline  of  the 
tunnel  and  through  the  test  cell,  finally  impinging  on  an  acoustic  filter  in  the  output  ducting. 
A  half-wave  plate  was  used  at  the  laser  output  to  rotate  the  vertically  polarized  beam  to 
horizontal  polarization,  thereby  providing  a  vertically  polarized  beam  in  the  tunnel. 

Scattered  light  was  collected  from  the  test  section  with  a  6-in.  focal  length  lens  set  up  to 
give  a  1:1  image  at  the  entrance  slit  of  a  0.85-m  focal  length  double  spectrometer.  A  dove 
prism  was  placed  at  the  entrance  slit  of  the  spectrometer  to  orient  the  image  of  the  laser 
beam  path  along  the  vertical  spectrometer  slit.  An  aperture  at  the  entrance  slit  defined  a 
0.25-in.  beam  length  for  observation.  Whenever  rotational  Raman  scattering  was  observed, 
a  polarization  scrambler  plate  was  also  placed  in  front  of  the  entrance  slit.  As  shown  in  Figs. 
7  and  8  the  laser  dump  used  in  the  initial  Raman- Rayleigh  setup  was  used  as  a  viewing  dump 
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for  the  test  section  collection  optics.  Radiation  from  the  spectrometer  exit  slit  was  again 
focused  by  a  coupling  lens  onto  the  photocathode  of  an  RCA-C31034A  PMT  cooled  to 
-26°C. 


(11  Bellmouth  Inlet 

(7)  Viewing  Dump 

(2)  Test  Section 

(81  Argon  Ion  Laser 

(31  0. 85-m  Double  Spectrometer 

(91  Laser  Optics 

(4)  Photomultiplier  and  Cooler 

(10)  Laser  Beam  Path 

(5)  Lens 

(11)  Prism  System 

(6)  Scan  Table 

(12)  Filter 

Figure  7.  Plan  view  of  tunnel  calibration  Raman/Rayleigh 
experimental  arrangement  in  ART. 


Scattered  light  was  collected  from  the  stilling  chamber  with  a  150-mm  focal  length  lens 
and  imaged  upon  an  adjustable  iris  aperture  that  was  set  for  observation  of  a  0.25-in.  beam 
length.  Radiation  transmitted  through  the  aperture  was  collimated  with  a  63-mm  focal 
length  lens  and  imaged  with  a  150-mm  focal  length  lens  onto  the  photocathode  of  a  cooled 
(-26°C)  RCA-C31034A  PMT.  The  collimated  beam  path  was  used  for  placement  of 
interference  fillers  and  a  high-pass  filter  for  rejection  of  Rayleigh  scattered  light. 

Power  to  both  photomultipliers  was  provided  by  a  Fluke  408B  power  supply  operating  at 
-2,000  volts.  Outputs  from  the  photomultipliers  were  measured  across  50-ohm  loads  and 
processed  by  Ortec  photon-counting  equipment.  Each  PMT  signal  was  fed  through  a  Model 
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Figure  8.  Experimental  setup  for  tunnel  calibration  experiments, 
north  side  of  ART. 
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454  amplifier,  a  Model  436  discriminator,  and  a  Model  772  counter.  Timing  was  controlled 
by  a  Model  773  counter/timer.  Positive  signals  from  each  of  the  discriminators  were  also  fed 
to  Model  441  ratemeters  for  subsequent  strip  chart  display.  Data  acquisition  as  well  as 
spectrometer  wavenumber  setting  was  controlled  by  a  microprocessor  system  with  output  to 
a  teletype. 


4.0  EXPERIMENTAL  PROCEDURE 

The  experimental  procedure  for  both  Raman/Rayleigh  scattering  experiments  can  be 
summarized  as  outlined  below. 

1.  Pre-test  calibrations  were  performed  on  the  tunnel  flow-monitoring  equipment 
and  the  Raman/Rayleigh  scattering  instrumentation. 

2.  The  desired  flow  conditions  were  established  at  a  reference  position  at  the  same 
axial  location  as  the  laser  probe  volume  in  the  test  section.  Each  flow  condition 
was  established  either  by  varying  Mach  number  at  a  fixed  measurement  location 
or  by  varying  measurement  location  at  a  fixed  Mach  number.  Both  modes  of 
operation  were  used  in  the  initial  experiments,  but  only  the  first  was  used  in  the 
tunnel  calibration  experiments. 

3.  Raman/Rayleigh  scattering  data  and  tunnel  flow  conditions  were  recorded  at 
each  Mach  number  or  measurement  location. 

Detailed  procedures  regarding  calibration,  data  acquisition  and  data  reduction  are 
presented  in  the  following  sections. 

4.1  CALIBRATION 

4.1.1  Raman/Rayleigb  Scattering  Equipment 

Before  beginning  calibrations  the  PMT’s  were  cooled  for  approximately  24  hours  and 
exposed  to  the  low-level  Raman  signals  for  approximately  1  hour.  The  calibration  of  the 
Raman/Rayleigh  scattering  was  completed  prior  to  an  ART  test  period.  The  test  section  was 
opened  to  the  bellmouth  inlet,  and  the  outside  doors  of  the  air  inlet  room  were  opened. 
Atmospheric  pressure  values  were  provided  by  AEDC  Power  Control  personnel.  During 
calibrations  for  the  initial  experiments  relative  humidity  values  were  determined  from  wet 
and  dry  bulb  values  supplied  by  AEDC  Power  Control.  During  tunnel  calibration 
experiments  the  wet  and  dry  bulb  values  were  determined  directly  in  the  air  inlet  room.  Test 
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section  temperatures  and  standard  relative  humidity  tables  were  used  to  determine  relative 
humidity  and  H2O  saturation  vapor  pressure.  The  wet  air  number  density  was  determined  as 
follows: 


n°(air)  _  P°(air)  0.966  x  10^ 

W  ipft 


The  water  vapor  number  density  was  determined  from 

n°(H,0)  =  —  [ 

100  l 


P°  (HjO)  0.966  X  10 


-] 


Therefore,  the  dry  air  number  density  was 


(13) 


(14) 


nj(air)  =  n°(air)  -  n^HjO) 


(15) 


Since  the  ratio  of  N2  to  O2  number  density  remained  constant  in  the  ART  flowfield,  the 
N2  vibration-rotation  band  at  5,846  A  was  used  for  measurements  of  dry  air  number  density. 
The  band  was  monitored  for  a  sufficiently  long  interval,  rs  (nominally  100  sec),  during  which 
photon  counts  (Ns)  were  accumulated  and  the  laser  power  was  integrated  to  give  a  laser 
energy  value,  Eo  (rs).  The  laser  beam  path  was  subsequently  blocked,  and  background 
photon  counts  were  accumulated  over  an  arbitrarily  long  interval,  tb  (nominally  50  sec).  The 
contribution  of  the  background  to  the  signal  level  was  determined  from 

nb  ^  =  ^b^b^TJj) 

The  Raman  signal  was  determined  from 

NJNy  ®  '  W  -  W  <17> 

and  the  energy-normalized  intensity  was 

ON,.®  -  N„(NrQ)/E0(r.)  (18) 


in  which 

E  (r  )  =  Pdt 

o  s  Jq  u 


(19) 
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where  P0  is  the  laser  output  power. 

A  calibration  factor  for  conversion  of  energy-normalized  Raman  intensity  to  dry  air 
number  density  was  calculated  from 

Cp(air)  =  n3(air)/I“(N2>0)  (20) 

For  those  test  periods  during  which  radial  surveys  of  the  flow  Field  were  to  be  made,  an 
additional  calibration  had  to  be  performed  to  determine  the  variation  of  Cp(air)  with  radial 
(vertical)  position  of  the  laser  beam  focal  volume  within  the  flow.  This  calibration  was 
necessary  because  of  beam  transmission  differences  through  different  parts  of  the  entrance 
ports  and  because  of  collection  optics  transmission  variations  as  a  result  of  the  changing  area 
of  the  viewing  port  used  by  the  collection  lens.  A  transmission  factor  was  determined  from 


Tr(y>  = 


l° 

m 


(N2,  0-  y) 


r^.Q.y 


=  2.5) 


(21) 


Calibration  for  temperature  measurements  primarily  involved  a  comparison  of 
experimental  rotational  spectra  with  calculated  spectra  generated  by  the  Raman  spectral 
program.  A  typical  spectrum  obtained  in  air  with  the  0.5-m  spectrometer  is  shown  in  Fig.  10. 
By  varying  spectral  bandpass  values  and  the  relative  value  of  N2  and  02  rotational  Raman 
cross  sections  a  close  approximation  to  the  experimental  spectra  could  be  calculated.  Figure 
2  shows  the  predicted  spectrum  calculated  using  a  bandpass  of  1.78  A  and  an  02-to-N2  cross- 
section  ratio  of  three.  Experimental  peak  and  valley  intensities  normalized  to  the  largest 
peak  value  of  the  predicted  spectrum  are  also  shown.  The  predicted  intensity  ratio  was 
always  within  10  percent  of  the  measured  ratio  without  a  polarization  scrambler,  and  it  was 
within  5  per  cent  when  a  polarization  scrambler  was  used.  Figure  11  shows  a  plot  of  the 
predicted  intensity  ratio,  Rc(Tr),  as  a  function  of  air  rotational  temperature.  For  the 
temperature  range  of  interest  the  curve  is  linear;  therefore,  a  correction  factor  can  be  used  to 
account  for  the  difference  between  measured  and  predicted  intensity  ratios  for  the 
atmospheric,  nominally  room  temperature  calibration  conditions.  The  correction  factor  is 

CFm  =  R°/R°  (22) 

in  which  R^is  the  measured  value  of  the  intensity  ratio. 

Whenever  temperature  measurements  were  made,  a  simultaneous  determination  of 
density  was  possible,  because  both  Imi  and  lm2  are  directly  proportional  to  the  dry  air 
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number  density  Isee  Eq.  (4)1 .  Because  of  its  higher  relative  intensity,  Im2  was  always  chosen 
for  density  determination.  The  calibration  factor  for  conversion  of  the  lm2  value  to  dry  air 
number  density  was  calculated  from 

CF2  -  (23) 


Of  course  the  variation  of  Im2  with  temperature  had  to  be  taken  into  consideration  whenever 
an  air  number  density  was  determined.  A  temperature-dependent  correction  factor  was 
calculated  from 

cF2m  =  i*2/i‘2  <24> 

and  the  variation  of  CF2(T)  with  temperature  is  shown  in  Fig.  1 1 . 


No  Polarization  Scrambler  Used 


Figure  10.  Rotational  Raman  spectrum  of  N2  and  O2  in  air. 


A  calibration  factor  for  determination  of  H20  number  density  was  calculated  from 


C|,(.ll20)  =  .1°(|[2C»/I“ 


(25) 


It  was  assumed  that  over  the  small  range  of  temperature  variation  for  the  ART  test 
conditions  i/|)  was  independent  of  temperature.  This  was  a  valid  assumption 

because  of  the  proper  selection  of  the  spectrometer  setting  and  the  wide  spectral  bandpass 
(*=  9.1  A)  used. 
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Figure  11.  Calculated  values  of  R  and  Cf2<T)  as  a  function 
of  rotational  temperature. 


Because  the  test  section  could  not  be  evacuated  to  a  sufficiently  low  pressure,  no  attempt 
was  made  to  determine  calibration  factors  for  the  Rayleigh  scattering  intensity  or 
depolarization  ratio.  That  is,  without  evacuation  of  the  test  section  the  contribution  to  the 
Rayleigh  scattering  intensity  from  laser  beam  light  reflecting  from  test  section  walls  could 
not  be  evaluated.  It  was  assumed  that  the  fraction  of  light  reflected  from  the  walls  would 
remain  constant,  and  it  was  further  assumed  that  flow-field  Rayleigh  scattering  reflected 
from  the  walls  and  into  the  spectrometer  was  minimal. 

4.1.2  Tunnel-Monitoring  Equipment 

Flow  conditions  in  the  ART  were  calculated  from  measurements  of  total  and  static 
pressures  and  total  and  static  temperatures.  During  the  Raman/Rayleigh  scattering 
experiments,  additional  measurements  of  wet  and  dry  bulb  temperatures  were  required  to 
determine  humidity  levels  in  the  air. 

The  tunnel  pressures  were  monitored  by  the  pressure  scanning  system.  The  system  used  a 
Kistler®  series  314  0-  to  15-psi  pressure  transducer  to  convert  tunnel  pressures  to  a  d-c 
voltage  signal.  The  output  of  the  transducer  was  displayed  on  a  digital  voltmeter.  Prior  to 
each  run,  the  pressure  transducer  was  calibrated  over  the  range  from  0  to  2,000  psf.  The  zero 
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point  was  established  by  venting  both  sides  of  the  transducer  to  atmosphere,  and  the  span 
was  set  by  application  of  a  known  pressure  to  the  transducer  while  the  reference  side  was 
exposed  to  a  vacuum.  Several  known  pressures  were  applied  to  check  the  linearity  of  the 
transducer  over  the  calibration  range.  The  signal  from  the  transducer  was  conditioned  so 
that  the  pressure  could  be  read  directly  in  psf  on  the  digital  voltmeter. 

Copper-con stantan  thermocouples  were  used  to  measure  tunnel  total  and  static 
temperatures.  The  thermocouple  system  was  calibrated  prior  to  the  Raman/Rayleigh 
experiments  using  secondary  standards  whose  uncertainties  are  traceable  to  the  National 
Bureau  of  Standards  calibration  equipment. 

Relative  humidity  was  determined  by  measurements  of  wet  and  dry  bulb  temperature 
using  a  psychrometer  with  mercury  thermometers.  The  instrument  was  calibrated  against 
secondary  standards  as  recommended  by  the  National  Bureau  of  Standards. 

4.2  DATA  ACQUISITION 

During  the  initial  Raman-Rayleigh  scattering  experiments  several  distinct  types  of  data 
were  acquired,  as  follows: 

a.  n(air)  as  a  function  of  Mach  number  at  y  =  2.5  in.  from  the  bottom  wall  of  the 
test  section 

b.  Tr  and  n(air)  as  a  function  of  Mach  number  at  y  =  2,5  in.  from  the  bottom  wall 
of  the  test  section 

c.  iRy  and  cl  as  a  function  of  Mach  number  at  y  =  2.5  in.  from  the  bottom  wall  of 
the  test  section 

d.  n(air)  as  a  function  of  vertical  distance  (y)  from  the  bottom  wall  of  the  test 
section 

e.  Tr  as  a  function  of  vertical  distance  (y)  from  the  bottom  wall  of  the  test  section 

For  each  type  of  data  the  acquisition  procedure  was  generally  the  same.  Before  each  data 
point  was  taken  the  collection  optics  and  laser  power  were  adjusted  for  maximum  photon 
count  rate  at  the  selected  spectrometer  wavelength  setting.  When  tunnel  conditions  and/or 
the  scan  table  vertical  position  were  properly  set,  the  photon  counting  instrumentation  was 
reset,  and  photon  counts  were  accumulated  until  a  level  of  at  least  »  200K  counts  was 
reached.  Accumulated  counts,  counting  duration  in  seconds,  and  the  time-integrated  power 
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displayed  in  volts  by  a  DVM  were  recorded  by  hand.  The  laser  beam  was  then  blocked  off  at 
the  laser  head,  and  background  counts  were  accumulated  for  a  duration  approximately 
twice  as  long  as  that  used  for  signal  measurements.  Counts  and  time  were  again  recorded  by 
hand.  For  measurements  of  Tr  or  ql  this  procedure  had  to  be  followed  twice  for  each  data 
point.  Furthermore,  for  Tr  measurements  a  wavelength  change  had  to  be  made  for  each 
data  point,  and  for  gL  measurements  90-deg  rotation  of  a  Polaroid®  sheet,  which  was 
mounted  at  the  spectrometer  entrance,  had  to  be  effected  for  each  data  point.  For 
simultaneous  TR  and  n(air)  measurements  the  spectrometer  slits  were  200  jim  wide.  The  slit 
widths  were  set  at  2  mm  for  n(air)  measurements  using  the  N2  vibration-rotation  band,  and 
for  Rayleigh  scattering  measurements  the  slits  were  narrowed  to  100-jun  width. 

Data  acquisition  for  the  tunnel  calibration  experiments  was  somewhat  different.  The 
types  of  data  acquired  are  listed  as  follows: 

f.  ratio  of  test  section  axial  centerline  air  number  density  to  stilling  chamber  air 
number  density,  n(air)/no,  as  a  function  of  Mach  number 

g.  ratio  of  test  section  axial  centerline  H2O  number  density  to  stilling  chamber  air 
number  density,  n(H20)/n0,  as  a  function  of  Mach  number 

h.  Tr  on  the  test  section  axial  centerline  as  a  function  of  Mach  number. 

For  these  data  types  the  acquisition  was  accomplished  with  a  microprocessor  system 
(MPS),  and  commands  to  the  MPS  were  entered  via  a  teletype.  Before  each  data  point  the 
collection  optics  and  laser  power  were  adjusted  for  maximum  photon  count  rate.  When 
tunnel  conditions  were  properly  set,  the  photon-counting  instrumentation  was  reset,  and 
photon  counts  were  accumulated  until  at  least  200K  counts  were  reached  with  each  data 
channel  for  data  types  f  and  h.  For  data  type  g,  only  10K  counts  were  accumulated  on  the 
spectrometer  channel  because  of  the  low  signal  level  of  the  H20  band.  Accumulated  counts, 
counting  duration,  and  time-integrated  power  were  recorded  by  the  MPS  and  output  via  the 
teletype  upon  command.  It  should  be  noted  that  although  the  filter  channel  sensitivity  was 
nearly  an  order  of  magnitude  higher  than  that  of  the  spectrometer  channel  the  count  rates  of 
each  channel  were  approximately  equalized  with  different  discriminator  settings  when  types 
f  and  h  data  were  obtained.  The  laser  beam  was  then  bocked  off  at  the  laser  head,  and 
background  counts  were  accumulated  for  a  duration  equal  to  that  used  for  the  signal 
measurements.  Wavelength  settings  for  the  temperature  measurements  were  controlled  by 
the  MPS.  Spectrometer  slits  for  n(air)  and  n(HiO)  measurements  were  3  mm  wide  (9.1- A 
bandpass),  and  for  Tr  measurements  they  were  narrowed  to  500 /*m  wide  (1 .5- A  bandpass). 
The  interference  filter  used  in  the  filter  channel  for  monitoring  the  N2  vibration-rotation 
band  was  centered  at  5,843  A  and  had  a  23- A  bandpass. 
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At  each  Raman/Rayleigh  test  condition,  tunnel  pressures  and  temperatures  were  hand 
recorded.  Relative  humidity  during  a  test  period  remained  essentially  constant;  therefore, 
wet  and  dry  bulb  temperatures  were  recorded  at  regular  time  intervals  instead  of  at  each  test 
condition.  During  the  initial  experiments  the  wet  and  dry  bulb  temperatures  were  supplied 
by  AEDC  Power  Control,  and  during  the  tunnel  calibration  experiments  the  values  were 
measured  in  the  ART  inlet  room.  Comparison  of  the  values  from  both  sources  indicated 
excellent  agreement. 

4.3  DATA  REDUCTION  AND  UNCERTAINTY 
4.3.1  Raman/Rayleigh  Data 

Air  number  density  values  were  determined  primarily  using  the  relation 

n(air)  =  CF(air)  I>’2,  Q)/Tp(y)  (26) 

H2O  number  density  values  were  determined  using  the  relation 

n<H20)  =  CpUIgOH^HgO,  Fj)  (27) 

Rotational  (static)  temperature  values  were  determined  by  calculating 

K  -  Cr(T)  1^/1^  P8) 

and  graphically  reading  a  value  of  temperature  from  a  plot  of  Rc  as  a  function  of 
temperature. 

Air  number  density  values  determined  during  the  temperature  measurement  process  were 
found  by  using  the  relation 

n(air)  =  *^F2  ^m2 

Evaluation  of  the  total  uncertainty,  U,  of  the  Raman/Rayleigh  measurements  was  made 
using  the  relation 

U  =  t(B  +  S)  (30) 
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in  which  B  is  the  size  of  the  credible  bound  to  the  systematic  error  and  S  is  the  confidence 
limit  on  the  random  or  standard  deviation.  For  determination  of  the  random  error  the 
photon-counting  error  relations  of  Ref.  11  were  used.  For  a  background-corrected  spectral 
signal,  Nm,  the  fractional  standard  deviation  is 


<t(N) 

m 


A+nb?2 

ns-nb  1 


(31) 


in  which  Ns  and  Nb  are  the  signal  counts  and  background  counts  accumulated,  respectively, 
and  7i  is  the  ratio  of  time  duration  for  measurement  of  Ns  to  time  duration  for  measurement 
of  Nb;  that  is, 


?  =  "3/  rB  <32) 

Measuring  n(air)  and  Tr  during  the  initial  experiments  yielded  background  count  rates 
typically  two  orders  of  magnitude  less  than  the  signal  rate,  and  tj  was  typically  1/2. 
Evaluation  of  Eq.  (31)  then  yields 


<r(Nm)  =  0.002  (33) 

During  the  initial  experiments  the  random  error  of  the  laser  power  integrator  was  measured 
to  be 


or(Eo)  =  0.007  (34) 

Therefore,  the  random  error  for  a  Raman  intensity  measurement  during  the  initial 
experiments  was 


S(1)(Im,  air)  =  -\J[>(Nm)]2+  [a(Eo)]2  =  0.0073  (35) 

Because  a  temperature  measurement  involves  determination  of  an  intensity  ratio,  the 
random  error  for  an  intensity  ratio  was 


S{1'(R) 


(36) 


For  the  Rayleigh  scattering  measurements  the  background  count  rate  was  negligible. 
Counts  accumulated  were  approximately  400K  for  IRy(ll)  and  200K  for  IRy(  _L ).  Equations 
(31),  (32),  and  (35)  gave  random  error  for  the  Rayleigh  intensity  measurements  as 
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s[l{|')]*  S[l(l)]  .  0.007 


(37) 


and  for  the  depolarization  ratio 


S{pL)  =  0.0099  (38) 

Evaluation  of  systematic  error  for  the  initial  experiments  requires  determination  of  the 
total  uncertainty  in  the  measurement  of  the  calibration  factors.  The  accuracy  of  the 
atmospheric  pressure  and  test  section  temperature  values  was  estimated  at  ±  1  percent  and 
±  1 .5  percent,  respectively.  Therefore  the  systematic  error  for  determination  of  Cp(air)  was 
calculated  to  be 


B[CF(air)]=  (0.01)  2  +  (O.Olo)2  +  (0.0073)2  =  0.0194  (39) 

The  total  uncertainty  for  n(air)  was 

UU,[n(air)]  0.0267  (40) 

for  measurements  using  the  Q-branch  of  the  N2  vibration-rotation  band.  Because  of  the 
additional  correction  factor  needed  when  density  boundary-layer  profiles  were  made,  the 
total  uncertainty  for  n(air)  in  the  boundary-layer  profile  was 

U{1)[n(air)]  =  0.0293  (41) 

The  systematic  error  for  determination  of  the  correction  factor  Cf(T)  used  for 
temperature  measurements  was 

B(1)[cF(T)]  =  0.0103  (42) 

Therefore,  the  total  uncertainty  for  the  measured  intensity  ratio  Rfn  was  calculated  to  be 

U(1>{R)  =  0.0206  (43) 

The  total  uncertainty  in  temperature,  Tr,  was  determined  by  developing  the  relation 
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AT  s  U(Tr)  T(l 


AR  ^  U(R)  R 


Therefore 


U(T„) 


U(R)  H 


r»  (S), 


Evaluating  Eq.  (47)  at  TR  =  295  K  gives 


U(J,(T„)  =  0.017 


(45) 

(46) 


(47) 


(48) 


When  air  number  densities  were  measured  using  a  rotational  line,  Eq.  (29)  was  used  for 
data  reduction.  Therefore,  an  evaluation  of  the  total  uncertainty  in  CF2(T)  must  be  made 
using  the  relation 


'F  2 


U  (T  )  T 
1  R '  R 


(T) 


(49) 


and  evaluating  Eq.  (49)  at  TR  =  295K  gives 

l;[cF2(T)]=  0.008 


(50) 


Combining  the  uncertainties  in  CF2  and  CF2(T)  gives 

b[cf2,  CF2(T)]  =  ^{u[CF2(T)]J2.[u(CF2)]2  «  0.021  (51) 

Therefore,  using  Eqs.  (35)  and  (30)  gives 

U(l)[n(air)]  =  0.0283  (52) 


For  the  tunnel  calibration  measurements  a  different  laser  power  integrator  was  used,  and 
the  random  error  was  measured  to  be 


tx(Eo)  =  0.0035 


(53) 
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Since  if  equals  1  for  the  tunnel  calibration  measurements,  Eq.  (31)  gives 

<r(Nm)  =>  0.0023  (54) 

The  air  number  density  measurements  for  the  tunnel  calibration  experiments  were 
presented  as  ratios  of  test  section  to  stilling  chamber  number  density.  Furthermore,  the  two 
intensity  values  used  were  determined  simultaneously;  therefore,  the  error  in  ED  need  not  be 
considered.  Thus  the  random  errors  in  the  intensity  ratio  were 

S(2)  Um>  air/air>  =  0-0033  (55) 

The  H2O  number  density  measurements  for  the  tunnel  calibration  experiments  were 
presented  both  in  absolute  terms  and  as  a  ratio  to  the  air  number  density  of  the  stilling 
chamber. 

S(2)  (Im,  n20)  =  0.025  (56> 

s(2)(Im,  H20/airl  =  0.025  (57) 


During  the  course  of  the  tunnel  calibration  experiments,  it  was  discovered  that  the  test 
section  windows  were  slowly  fogging  over  during  data  runs,  and  this  prevented  reliance  upon 
the  air  or  H20  calibration  factors  for  data  reduction.  It  should  be  noted  that  the  initial 
experiments  did  not  reveal  any  window  fogging  problems;  however,  the  initial  experiments 
were  conducted  in  warm,  summer  weather,  whereas  the  tunnel  calibration  experiments  were 
conducted  during  some  rather  cold  winter  weather.  Once  the  windows  became  initially 
fogged,  the  calibration  factors  for  density  became  useless.  However,  continued  window 
fogging  was  a  very  slow  process;  therefore,  the  numerical  average  of  the  measured  values  of 
density  or  density  ratio  taken  during  a  particular  data  run  was  normalized  to  the  average  of 
the  calculated  values.  Only  random  error  is  quoted  for  the  tunnel  calibration  density 
measurements,  since  systematic  error  of  calibrations  was  effectively  eliminated,  and  the 
error  due  to  the  increasing  fogging  of  the  windows  could  not  be  estimated. 

Because  temperature  measurements  relied  upon  an  intensity  ratio  determined  from 
scattered  light  observed  through  the  same  test  section  view  port,  because  of  the  closeness 
(12.8  A)  of  the  spectral  lines  monitored,  and  because  of  the  relatively  short  time  between 
intensity  measurements,  the  temperature  measurements  were  unaffected  by  the  window 
fogging.  Since  the  Tr  measurements  were  conducted  in  essentially  the  same  manner  as  were 
the  initial  experiments,  the  random  error  is  evaluated  as 

S(2,(R)  =  0.0059  (58) 
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and 


U(2)(R)  =  0.0118  (59) 

Therefore,  using  Eq.  (47)  at  Tr  =  295  K  gives 

U{2)(Tr)  =  0.0092  (60) 

As  shown  by  Refs.  12,  13,  and  14,  fluctuations  of  measured  parameters  such  as  Tr  and 
number  density  can  introduce  errors  in  time-averaged  measurements  of  the  parameters.  The 
maximum  rms  fluctuation  values  estimated  for  ART  are  2.4  percent  for  temperature  and  3.7 
percent  for  density.  Using  these  values,  the  data  reduction  relations  employed  in  this  study, 
and  the  methods  of  Ref.  13,  it  was  found  that  flow-field  fluctuations  contributed  a  negligible 
uncertainty  to  the  measured  values. 

4.3.2  Tunnel  Data 

The  following  quantities  were  calculated  from  the  measured  tunnel  'Conditions  for 
comparison  with  the  Raman/Rayleigh  scattering  measurements: 

1.  Free-stream  Mach  number,  M, 

2.  Free-stream  static  density  of  dry  air,  g^air) 

3.  Free-stream  static  temperature,  TM 

4.  Static  density  and  temperature  profiles  in  the  test  section 

5.  Ratio  of  free-stream  to  stilling  chamber  static  density,  Qaa/Qa 

6.  Free-stream  static  density  of  water  vapor, 

7.  Ratio  of  free-stream  water  vapor  to  stilling  chamber  dry  air  static  density, 
ea»(H2O)/e0D<sc  (air) 

For  each  of  the  calculated  values,  it  was  assumed  that  the  flow  was  isentropic  and  the 
constituent  gases  were  considered  to  be  perfect  gases.  Therefore,  the  free-stream  Mach 
number  was  calculated  as 
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M 


90 


-1 


I 


(61) 


where  P0  was  the  stagnation  pressure  of  wet  air  measured  in  the  stilling  chamber,  P*  was  the 
free-stream  static  pressure  of  wet  air  measured  in  the  test  section,  and  y  was  the  ratio  of 
specific  heats  (for  air,  y  =  1 .4). 


From  the  measurement  of  total  pressure  and  wet  and  dry  bulb  temperature,  the 
stagnation  pressure  of  dry  air  was  calculated  as 


Po  (dry  air) 


0.622  \ 
co  +  0.622  / 


(62) 


where  u  is  the  specific  humidity  corresponding  to  wet  and  dry  bulb  temperatures  measured 
at  the  stagnation  condition.  A  psychrometric  chart  from  Ref.  15  was  used  to  determine  the 
values  of  a)  and  the  dewpoint  of  the  air-water  vapor  mixture  (note:  the  dewpoint  temperature 
was  affected  very  little  by  reduced  pressure).  The  difference  between  the  total  pressure  of 
wet  and  dry  air  on  a  typical  summer  day  (co  =  0.015)  was  less  than  2.5  percent. 


Using  the  perfect  gas  law,  the  stagnation  density  of  dry  air  was  calculated  as 


po  (dry  air) 


(dry  air) 
R  (air)  T 

O 


(63) 


where  R(air)  is  the  gas  constant  for  air  and  T„  is  the  stagnation  temperature.  From  the 
measurements  of  total  and  static  pressure  and  the  calculated  stagnation  density,  Eq.  (63), 
the  free-stream  static  density  of  dry  air  was  calculated  by  the  isentropic  flow  relation,  as 
follows: 

/  p  V /y 

Pec  (dry  air)  =  po  (dry  air)(  J  (64) 

The  ratio  P*/Po  is  the  same  at  a  given  Mach  number  for  dry  or  wet  air  as  long  as  water 
vapor  behaves  as  a  perfect  gas  and  no  condensation  occurs.  Therefore,  no  correction  was 
used  to  eliminate  the  contribution  of  water  vapor  to  the  total  and  static  pressures.  However, 
if  100-percent  condensation  were  to  occur  between  the  stilling  chamber  and  the  test  section, 
the  uncertainty  in  the  calculated  value  of  static  density  would  be  increased  by  approximately 
1.5  percent  on  a  typical  summer  day. 
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The  free-stream  static  temperature  was  calculated  by  the  isentropic  flow  relation 


y-i 


For  the  initial  setup,  the  density  and  temperature  profiles  of  the  tunnel  wall  boundary 
layer  were  estimated  using  velocity  profile  data  reported  by  Benek  (Ref.  16).  The  modified 
Crocco  relation 


T  -  T„.i1-(t.„-T„,11)  (66) 

was  used  to  calculate  the  normalized  temperature  profile  from  the  normalized  velocity 
profile  at  adiabatic  wall  conditions  (Twan  =  Tavv).  At  adiabatic  wall  conditions  Eq.  (66) 
reduces  to 


(67) 


The  ratio  of  the  adiabatic  wall  temperature  to  the  free-stream  static  temperature  can  be 
expressed  in  terms  of  free-stream  Mach  number  as: 

T~  -  1 *  r  fci  W  (68) 

T  V  2  / 

where  r  is  the  temperature  recovery  factor  that  is  approximately  equal  to  0.88  for  a  turbulent 
boundary  layer.  Substituting  Eq.  (68)  into  Eq.  (67)  yields 

Each  value  of  u/uw  in  the  boundary-layer  profile  was  substituted  into  Eq.  (69)  to  calculate 
the  normalized  temperature  profile. 

The  density  profile  was  calculated  from  the  temperature  profile  assuming  constant  static 
pressure  through  the  boundary  layer;  therefore, 
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£.  =  _ I _  (70) 

Px  (T  /  T  J 


The  distributions  of  density  and  temperature  in  the  boundary  layer  were  determined  by 
multiplying  the  normalized  distributions  obtained  by  Eqs.  (69)  and  (70)  by  the  appropriate 
free-stream  values  calculated  by  Eqs.  (64)  and  (65). 


During  the  tunnel  calibration  experiments,  the  ratio  of  stilling  chamber  static  density  to 
test  section  free-stream  static  density  was  calculated  as  follows: 


P, o 


BC 


(71) 


where  the  subscript  sc  refers  to  values  measured  in  the  stilling  chamber  and  Pa>i  x  is  the 
static  pressure  measured  in  the  stilling  chamber. 


The  free-stream  water  vapor  density  was  calculated  by  determining  the  partial  pressure 
of  the  water  vapor  at  stagnation  conditions  and  assuming  that  the  vapor  expanded 
isentroptcally,  obeying  the  perfect  gas  law.  Then, 


W20)  = 


po(h2°>  /r„\l/y(ll»0) 

»<H20>Tn  \P™/ 


(72) 


where 


P0  (ll20) 


Co 

0.622  + 


P 


o 


R(H20) 


95.76 


ft-lhf 
Lbm— °R 


y  (K 20)  -  1.329 


As  long  as  no  condensation  occurs,  the  composition  of  the  air  remains  constant,  and  the 
ratio  Poo/P0  is  equal  to  the  ratio  P*  (H20)/P0  (H2O). 

The  ratio  of  the  test  section  static  density  of  water  vapor  to  the  stilling  chamber  static 
density  of  nitrogen  was  determined  by  dividing  the  density  calculated  in  Eq.  (72)  by  0.7532 
times  the  density  calculated  in  Eq.  (63),  or 
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P~  (Ha0) 

0.7532  (dry  air) 


(73) 


P  QO  tH2Q> 
P  2> 


This  assumes  that  the  percentage  of  nitrogen  in  dry  air  is  constant. 


The  uncertainties  (combinations  of  systematic  and  random  errors)  of  the  basic  tunnel 
parameters  were  established  from  repeated  calibrations  of  the  instrumentation  and  From  the 
repeatability  and  uniformity  of  the  test  section  flow  during  tunnel  calibration.  Uncertainties 
in  the  instrumentation  systems  were  estimated  from  repeated  calibrations  of  the  systems 
against  secondary  standards  whose  uncertainties  are  traceable  to  the  National  Bureau  of 
Standards  calibration  equipment.  The  instrument  uncertainties  were  combined  using  the 
Taylor’s  series  method  of  error  propagation  described  in  Ref.  17  to  determine  the 
uncertainties  shown  in  Figs.  12  and  13  and  in  Table  1.  The  values  quoted  do  not  include 
possible  measurement  uncertainty  in  free-stream  flow  properties  due  to  condensation  of 
water  vapor. 


Figure  12.  Uncertainty  in  free-stream  Mach  number. 
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Figure  13.  Uncertainty  in  density  ratio  as  a  function 
of  Mach  number. 


Table  1.  Uncertainties  in  Tunnel  Parameters 


Parameter 

Percent 

Uncertainty 

(Dry  Air) 

0.2 

(Dry  Air) 

1.0 

(Dry  Air) 

1 .0 

1 .0 

CH2o> 

7.0 

cvl 

w 

o 

CL 

o 

f*4 

PC 

7.0 

Note:  The  uncertainties  of  these  parameters  were 
essentially  constant  for  each  Mach  number 
and  specific  humidity  encountered  during 
the  reported  experiments. 
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5.0  PRESENTATION  AND  DISCUSSION  OF  EXPERIMENTAL  RESULTS 

5.1  NUMBER  DENSITIES  AND  TEMPERATURES,  AND  RAYLEIGH  SCATTERING 
RESULTS  FROM  THE  INITIAL  EXPERIMENTS 

Results  from  ihe  initial  experiments  are  graphically  presented  in  Figs.  14  through  20. 
Figure  14  is  a  vertical  profile  of  the  dry  air  density  at  Mach  number  0.5.  Density  values  are 
calculated  from  number  density  values  with  the  following  relation: 

p(lbm/ftS)  =  3.00  x  lO'21  n  (air)  (74) 


Near  the  tunnel  wall  (y  s  0.45  in.)  it  can  be  seen  that  the  measured  values  follow  the 
calculated  values  within  the  estimated  measurement  uncertainty.  It  is  believed  that  the  larger 
variations  of  the  measured  values  from  the  calculated  curve  from  y  =  0.5  to  2.75  in.  are  a 
result  of  dirt  collecting  near  the  center  portions  of  the  laser  beam  entrance  port  and  view 
port  during  the  tunnel  run.  This  theory  is  partly  substantiated  by  the  low  data  scatter  in  the 
*=  0.4-in.  scan  region  near  the  wall.  The  fairly  rapid  drop  in  density  near  the  wall  at  y  =  0.25 
in.  is  most  interesting  and  is  in  considerable  disagreement  with  the  predicted  value.  A  repeat 
scan  during  another  test  period  again  showed  the  rapid  drop;  furthermore,  a  scan  at  Mach 
number  0.8  revealed  an  even  more  rapid  density  drop  near  the  wall.  Although  it  was  possible 
for  the  laser  beam  to  be  partially  blocked  near  the  wall,  calibration  scans  for  determination 
of  T^y)  did  not  reveal  any  beam  blockage  without  any  flow  in  the  test  section.  It  is  quite 
significant  for  the  Raman  scattering  technique  that  a  data  point  could  be  taken  within  0.025 
in.  of  the  wall.  Data  points  even  closer  to  the  wall  appear  feasible  with  the  use  of  a  longer 
and  narrower  laser  focal  volume.  No  attempt  was  made  to  take  data  at  distances  within 
0.025  inches  of  the  wall  because  of  the  imprecision  of  the  beam-positioning  mechanism  and 
the  size  of  the  laser  beam  focal  volume. 

Figure  15  is  a  vertical  profile  of  the  air  rotational  (static)  temperature  at  Mach  number  0.5 
taken  during  a  subsequent  test  period.  The  data  agree  very  well  with  the  predicted  values 
within  the  estimated  data  uncertainty.  Unfortunately,  the  data  uncertainty  (±1.7  percent)  is 
still  too  large  for  an  accurate  study  of  the  temperature  boundary-layer  profile.  However,  it  is 
believed  that  the  required  data  uncertainty  ( 0.28  percent)  can  be  obtained  by  simultaneously 
making  the  two  intensity  measurements  needed  for  a  temperature  determination.  This 
procedure  would  eliminate  the  need  for  making  laser  energy  measurements  and  spectrometer 
wavelength  adjustments.  Use  of  an  image  intensifier/vidicon  system  and  double  exit  slit 
assembly  on  the  spectrometer  can  provide  a  method  to  make  the  simultaneous 
measurements.  Such  a  system  is  under  development  at  AEDC  and  was  recently  used  for 
electron  beam  fluorescence  measurements  in  a  bipropellant  rocket  engine  exhaust.  A  cruder 
version  of  such  a  system  has  been  reported  in  Ref.  18. 
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Density (p),  Ibm/ft 3 


Figure  14.  Density  boundary-iayer  profile,  Mach  number 
0.5,  flat  wall. 

It  is  interesting  to  note  that  in  the  measured  temperature  profile  the  data  scatter  near  the 
flow-field  centerline  is  no  larger  than  that  observed  near  the  wall;  this  contrasts  with  what 
was  observed  in  the  measured  density  profile.  If,  indeed,  the  major  cause  of  the  data  scatter 
in  the  upper  portion  of  the  density  profile  was  dirt  on  the  optical  ports,  then  the  larger  data 
scatter  would  not  be  present  in  the  temperature  measurements  as  a  result  of  temperatures 
being  determined  from  intensity  ratios. 

Figure  16  is  a  plot  of  air  density  as  a  function  of  Mach  number  at  y  =  2.5  in.  The 
measured  and  calculated  values  agree  within  the  estimated  measurement  uncertainty.  Again, 
the  data  uncertainty  is  larger  than  that  required  for  transonic  flow  measurement  to 
determine  Mach  number.  However,  elimination  of  the  need  to  measure  laser  energy  can 
improve  the  data  uncertainty  to  the  necessary  level. 
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Absolute  Tempe ratu re  <T1,  °R 

Figure  15.  Static  temperature  boundary-layer  profile, 

Mach  number  0.5,  flat  wall. 

Figure  17  is  a  plot  of  the  air  rotational  (static)  temperature  as  a  function  of  Mach  number 
at  y  =  2.5  in.  There  is  good  agreement  between  measured  and  calculated  values.  While  these 
temperatures  were  determined,  an  air  density  was  simultaneously  obtained.  It  was  observed 
that  the  sensitivity  of  the  detector  had  changed  considerably  from  its  value  at  the  time  of 
calibration;  therefore,  the  Mach  number  0.1  point  was  used  to  determine  a  density 
calibration  factor.  The  resulting  data  plot  is  shown  in  Fig.  18.  Figures  19  and  20  are  also 
plots  of  static  temperature  and  density,  respectively,  which  are  similar  to  Figs.  17  and  18  but 
were  taken  during  a  different  test  period. 
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Mach  Number  (Mg,) 

Figure  16.  Free-stream  density  as  a  function  of  Mach  number. 


Mach  Number  (Mro) 

Figure  17.  Free-stream  static  temperature  as  a  function  of 
Mach  number. 
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Figure  18.  Free-stream  density  obtained  during  static  temperature 
measurements  as  a  function  of  Mach  number. 
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Figure  19.  Free-stream  static  temperature  as  a  function  of 
Mach  number,  repeat. 
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Figure  20.  Free-stream  density  obtained  during  static  temperature 
measurements  as  a  function  of  Mach  number,  repeat. 

Figure  21  is  a  plot  of  Rayleigh  scattering  data  obtained  during  the  initial  experiments. 
Normalized  Rayleigh  scattering  intensity  polarized  parallel  to  the  polarization  vector  of  the 
incident  laser  beam  and  depolarization  ratio  are  plotted  as  functions  of  Mach  number.  Both 
normalized  Rayleigh  scattering  intensity  and  depolarization  ratio  remain  relatively  steady  up 
to  Mach  number  0.3  At  this  point  the  tunnel  flow  conditions  are  such  that  the  dewpoint  has 
been  reached.  It  is  interesting  to  note  that  condensation  was  not  visible  in  the  test  section  at 
this  condition;  in  fact,  visible  condensation  did  not  appear  until  the  Mach  number  exceeded 
0.65.  As  Mach  number  is  increased  further,  the  Rayleigh  scattering  intensity  rises  rapidly 
and  the  depolarization  ratio  drops  rapidly.  Both  measured  parameters  have  thus  indicated 
the  onset  of  H2O  condensation. 

5.2  RESULTS  FROM  TUNNEL  CALIBRATION  EXPERIMENTS 

Figures  22  through  26  are  results  obtained  during  the  tunnel  calibration  experiments. 
Figures  22  and  23  are  plots  of  the  ratio  of  test  section  air  number  density  to  the  stilling 
chamber  air  number  density  as  a  function  of  Mach  number.  Figure  23  shows  the  effect  of  the 
window  fogging  problem  as  Mach  number  increases,  and  at  Mach  number  0.8  an 
approximately  7-percent  disagreement  from  the  calculated  value  is  seen.  Figure  22  was 
prepared  by  fitting  the  average  of  the  laser-Raman  number  density  ratio  measurements  to 


43 


AEOC-TR-SO-20 


the  average  of  the  calculated  values.  The  effect  of  the  window  fogging  was  thus  minimized, 
and  the  good  precision  with  which  the  measurements  were  made  is  demonstrated. 


0  0.2  0.4  0.6  0.8 

Mach  Number  (Mg,) 


Figure  21.  Test  section  Rayleigh  scattering  data  as  a  function 
of  Mach  number,  y  =  2.5  in. 

Figure  24  is  a  plot  of  test  section  rotational  (static)  temperature  as  a  function  of  Mach 
number,  and  excellent  agreement  between  measured  values  and  calculated  values  was 
obtained. 

Figure  25  is  a  plot  of  H2O  density  as  a  function  of  Mach  number.  The  conversion  of 
n(HjO)  to  C(H20)  is 

p  (II20),  lbm/ft3  =  1.87  x  10'21  n(H20)  <75) 

Within  the  estimated  data  precision  there  is  good  agreement  between  measured  and 
calculated  values.  The  major  random  error  was  the  result  of  the  low  H2O  Raman  signal 
level.  The  ratio  of  the  H20  density  to  the  stilling  chamber  N2  density  is  also  plotted  as 
a  function  of  Mach  number  in  Fig.  26.  The  estimated  data  precision  of  2.5  percent  can  be 
reduced  to  *  0.8  percent  by  use  of  a  filter  system  rather  than  a  spectrometer  system  to  detect 
the  H2O  Raman  signal. 
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Figure  22.  Ratio  of  test  section  and  stilling  chamber  N2 
number  densities  versus  Mach  number. 


Figure  23.  Ratio  of  test  section  and  stilling  chamber  N2 
number  densities  versus  Mach  number,  repeat. 
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Figure  24.  Free-stream  static  temperature  as  a  function  of  Mach 
number,  tunnel  calibration  experiment. 
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Figure  25.  Free-stream  H2O  density  as  a  function  of  Mach  number. 
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Figure  26.  Ratio  of  test  section  H20  density  to  stilling  chamber 
N2  density  as  a  function  of  Mach  number. 
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6.0  CONCLUSIONS  AND  RECOMMENDATIONS 

The  following  conclusions  were  reached  from  the  Raman/Rayleigh  scattering 
experiments  performed  in  the  Acoustic  Research  Tunnel  (ART): 

1.  With  the  exception  of  boundary  layers  near  the  wall,  static  temperatures  and  air 
number  density  measurements  were  made  which  agree  within  estimated 
experimental  uncertainty  with  predicted  values.  The  measurements  which  did 
not  agree  were  attributed  to  particulate  matter  adhering  to  the  optical  windows; 
however,  the  discrepancy  near  the  wall  is  presently  unexplainable  and  requires 
further  study. 

2.  Measurements  of  temperature  and  air  number  density  were  made  within  0.050 
in.  of  the  bottom  wall  of  the  test  section,  and  it  appears  feasible  to  make 
measurements  much  closer  to  the  wall  with  improved  laser  focusing  and 
positioning  apparatus.  It  also  appears  possible  to  make  similar  measurements 
around  aerodynamic  bodies  in  transonic  flow. 

3.  The  ability  of  the  Raman  scattering  to  measure  H20  number  density  in  subsonic 
flow  was  demonstrated. 

4.  Rayleigh  scattering  was  used  to  detect  the  onset  of  H20  condensation,  and  the 
onset  correlated  very  well  with  predicted  dewpoint. 
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5.  The  feasibility  of  using  the  Raman/RayLeigh  scattering  technique  for 
nonintrusive  tunnel  calibration  was  demonstrated.  Improvements  in  the 
measurement  technique  such  as  increased  laser  power,  elimination  of  window 
fogging  effects,  and  use  of  the  tunnel  calibration  experimental  arrangement 
would  increase  the  accuracy  of  the  density  measurements  to  the  level  where  local 
Mach  number  could  be  specified  to  ±0.005. 

6.  The  major  experimental  problem  throughout  these  measurements  was  the 
collection  of  dirt  and/or  moisture  on  the  optical  ports  of  the  ART.  However,  the 
window  fogging  problem  would  be  avoided  in  a  tunnel  with  humidity  control 
and  in  larger  tunnels  where  viewing  holes  would  be  used  instead  of  windows. 

The  results  of  the  experimental  program  in  the  ART  suggest  the  following 
recommendations  for  improvements  in  the  measurement  technique  and  possible 
applications  to  current  measurement  problems: 

1 .  For  density  measurements,  optical  filter  systems  should  be  used  rather  than  a 
spectrometer  system,  to  gain  a  factor  of  5  to  10  in  signal  level. 

2.  For  temperature  measurements  a  spectrometer  must  be  used,  but  a  double 
slit/image  intensifier/vidicon  system  can  decrease  measurement  uncertainty  by 
an  order  of  magnitude. 

3.  Standard  lamp  light  sources  should  be  used  to  frequently  check  the  relative 
sensitivities  of  the  detectors  employed. 

4.  Methods  of  eliminating  the  dirt  and  fogging  of  the  viewing  windows  need  to  be 
studied.  (One  possible  method:  deep  cavities  with  suction  and  heated  ports.) 

5.  The  capability  of  making  nonintrusive  measurements  of  local  Mach  number 
could  be  applied  to  the  study  of  the  effect  of  model  blockage  on  wind  tunnel 
calibration. 

6.  The  ability  to  accurately  monitor  water  vapor  content  and  condensation  could 
be  used  to  correlate  the  effect  of  these  parameters  on  aerodynamic  coefficients. 

The  response  of  the  Raman/Rayleigh  scattering  technique  to  changes  in  water 
content  is  superior  to  the  conventional  method  used  at  the  present  time  in  the 
AEDC  Aerodynamic  Wind  Tunnel  (4T)  and  Propulsion  Wind  Tunnel  (16T). 
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NOMENCLATURE 

a  Radius  of  Rayleigh  scatterer,  cm 

ART  Acoustic  Research  Tunnel 

B,B( )  Systematic  error,  fractional  systematic  error  for  the  parameter  in 

parentheses,  respectively 

Cf(T)  A  correction  factor  defined  by  Eq.  (22)  which  accounts  for  differences 

between  predicted  and  measured  rotational  line  intensity  at  calibration 
conditions 

Cp(X)  Raman  intensity  density  calibration  factor  for  a  species  X,  (molecules 

•  counts)/(cm3  •  volts) 

Cp2  Density  calibration  factor  for  Raman  intensity  of  the  combined  N2  and 

02  rotational  lines  in  air  at  5160.9 A,  (molecules  •  counts)/(cm3  •  volts) 
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A  temperature-dependent  correction  factor  to  account  for  the  variation 
with  temperature  of  the  combined  N2  and  02  rotational  lines  in  air  at 
5.160.9A 

Proportionality  constant  in  Eqs.  (1)  and  (10),  respectively,  with 
units  of  cm 

A  rotational  quantum  number-dependent  parameter 
Slope  of  the  Cf2(T)  versus  Tr  curve  (see  Fig.  9a) 

Slope  of  the  R  versus  Tr  curve  (see  Fig.  9a) 

Laser  energy  or  time-integrated  laser  power,  Joules  or  volts 
Planck's  constant,  erg  •  sec 

Intensity  of  the  combined  N2  and  02  rotational  Raman  lines  in  air, 
counts/volt 

Intensity  of  the  H2O  V]  vibration-rotation  Raman  band,  counts/volt 

Intensity  of  the  Jth  rotational  Raman  line  of  species  X,  counts/volt 

Intensity  of  the  N2  vibration-rotation  Raman  band  Q  branch, 
counts/ volt 

Rayleigh  scattering  intensity;  Rayleigh  scattering  intensity  polarized 
parallel  and  perpendicular  to  the  polarization  vector  of  the  incident 
laser  beam,  respectively 

Rotational  quantum  number 

Free-stream  Mach  Number 

Microprocessor  system 

Index  of  refraction  of  Rayleigh  scatterer 

Background-corrected  photon  counts  accumulated  during  time 
interval  7 

Photon  counts  accumulated  during  time  interval  r 

Number  density  of  ith  species,  total  number  density  of  a  gas  mixture, 
molecules/cm3 
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Air  number  density  in  stilling  chamber,  molecules/cm3 

Number  density  of  species  X,  molecules/cm3 

Static  pressure  and  static  pressure  of  species  X,  respectively,  torr 

Stagnation  pressure  of  gas  X,  psf 

Saturation  vapor  pressure  of  H20,  torr 

Free-stream  static  pressure  of  gas  X,  psf 

Rotational  partition  function 

Ratio  of  combined  N2  and  02  rotational  line  intensities  at  5173. 7  A  to 
those  at  5 160 .9  A 

Relative  humidity 

Gas  constant  of  gas  X,  ft-lbf/lbm  °R 

Temperature  recovery  factor  (for  air  =  0.88) 

Random  error,  fractional  random  error  of  parameter  in  parentheses 

Static  temperature,  rotational  temperature,  Kelvins  or  degrees  Rankine 

A  correction  factor  to  account  for  optical  transmission  differences  in 
laser  input  and  viewing  ports 

Stagnation  temperature,  °K  or  °R 

Free-stream  static  temperature,  °K  or  °R 

Time 

Total  measurement  uncertainty,  fractional  total  uncertainty  of 
parameter  in  parentheses 

Boundary-layer  velocity  ratio 

ith  species  of  a  gas  mixture;  indicates  the  species  N2,  H2O,  or  air 
Vertical  distance  from  bottom  wall  of  ART  test  section,  in. 
Polarizability  of  the  ith  species  of  a  gas  mixture,  cm3 
Ratio  of  specific  heats  for  air  or  water  vapor 
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Variation  in  temperature  and  intensity  ratio,  respectively 

Ratio  of  the  time  duration  for  accumulating  signal  counts  to  the  time 
duration  for  accumulating  background  counts 

Characteristic  rotational  temperature  of  species  X,  Kelvins 

Wavelength  of  the  incident  laser  beam,  cm  or  A 

Frequency  of  the  incident  laser  beam,  Hz 

Vibration-rotation  band  designation  for  H2O 

Rayleigh  scattering  depolarization  ratio 

Density  of  species  X,  lbm/ft3 

Rayleigh  scattering  cross  section  of  the  ith  species  of  a  gas  mixture 
Fractional  standard  deviation  of  the  parameter  in  parentheses 
Time  interval,  sec 

Specific  humidity  of  air,  Ibm  H20/lbm  dry  air 

Indicates  measurement  value  determined  during  initial  experiments 

Indicates  measurement  value  determined  during  tunnel  calibration 
experiments 

Indicates  a  calibration  value 
Indicates  a  test  condition  value 

Indicates  the  combined  rotational  lines  at  5.173.7A  and  5.160.0A, 
respectively 

Adiabatic  wall  condition 
Indicates  a  background  measurement 
Indicates  a  calculated  value 
Indicates  a  moisture-free  value 
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i  Indicates  the  ith  species  of  a  gas  mixture 

m  Indicates  a  measured  value 

o  Stagnation  values 

s  Indicates  a  signal  measurement 

sc  Condition  measured  in  stilling  chamber 

WALL  Value  measured  at  the  wall 

w  Indicates  a  value  including  moisture 

oo  Free-stream  values 
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